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of	 the	 factors	 most	 likely	 to	 limit	 species	 persistence	 are	 pivotal	 to	 achieve	
effectiveness.
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2015).	 To	 avert	 this	 outcome,	 spatial	 conservation	 planning	 must	
be	 dramatically	 revised	 (Araújo,	Alagador,	Cabeza,	Nogués-	Bravo,	&	
Thuiller,	2011;	Lawler,	2009;	Moritz	&	Agudo,	2013;	Oliver,	Smithers,	





act	 cost	 effectively.	The	 integration	of	 the	 requirements	of	multiple	
species	(MS)	within	planning	designs	is	the	first	step	toward	efficient	
decision	 making	 (Nicholson	 &	 Possingham,	 2006;	 Poiani,	 Richter,	





&	 Possingham,	 2009;	 Pressey,	 Cowling,	&	Rouget,	 2003).	However,	
implementing	MS	conservation	plans	with	tight	budgets	implies	trade-	
offs	among	species	such	that	the	targets	initially	established	for	some	
species	 might	 not	 be	 fully	 satisfied	 (Van	 Teeffelen,	 Cabeza,	 Pöyry,	





























such	assessment.	Specifically,	we	confront	 the	 sensitivity	of	 species	
persistence	in	spatial	conservation	plans	to	environmental	(i.e.,	climate	
and	land-	use	scenarios),	ecological	(i.e.,	species	dispersal	abilities),	and	







conservation	model	 guided	by	 species	persistence	 scores	 (Alagador,	
Cerdeira,	&	Araújo,	2016).	For	each	species,	we	selected	a	reference	
scenario	 consisting	 of	 a	 dedicated	 (ideal)	 SS	 conservation	 plan,	 and	
we	ran	it	for	distinct	climate/land-	use	projections,	different	dispersal	
assumptions,	 and	 distinct	 land	 uses	 (i.e.,	 socioeconomic	 activities).	
Analyses	were	performed	for	a	range	of	scenarios	with	conservation	
areas	of	increasing	size	and	consequently	increasing	levels	of	conflict	










We	considered	 a	 sample	 of	 ten	 terrestrial,	 nonvolant	mammal	 spe-
cies	occurring	on	the	Iberian	Peninsula	(hereafter	Iberia)	that	are	listed	
as	 threatened	 (i.e.,	vulnerable,	endangered,	or	critically	endangered)	











projections	 for	Europe	 (see	 spatial	 conflicts	with	 socioeconomic	 ac-
tivities).	Moreover,	there	exists	considerable	analytical	evidence	that	

























scenarios	 simulating	 a	 nondispersal	 case	 and	 three	 dispersal	 curves	







sured	 by	 averaging	 the	 1-	km	×	1-	km	 1995–2004	 Human	 Footprint	
Index	 (Sanderson	et	al.,	 2002),	 and	 cells	with	 average	values	>60	 (a	
value	characterizing	urban	 landscapes)	were	assumed	unsuitable	 for	
conservation	along	all	the	analyzed	time	horizons.








2014;	 originally	 introduced	 by	 Williams	 et	al.,	 2005	 and	 improved	
by	 Phillips,	 Williams,	 Midgley,	 &	 Aaron,	 2008),	 to	 optimize	 future	
conservation	 decisions.	A	CCC	defines	 a	 sequence	of	 time-	ordered	
cells	that	are	occupied	by	a	species	through	time.	The	probability	of	a	











to	prioritize)	 and	 temporal	 (when	 to	prioritize)	 information	 for	plan-
ners.	We	implemented	two	distinct	CCC	selection	models.	One	model	
(maxPers)	simulates	an	ideal	scenario	in	which	conservation	planning	
is	 undertaken	 independently	 for	 each	 species	with	 the	 objective	 of	
maximizing	 the	persistence	of	 the	species	within	 the	CCCs	selected	
under	a	given	 investment	constraint,	B	 (i.e.,	amount	of	area	covered	

































Species Abrev. RL Portugal RL Spain Dmax (km) Baseline
Arvicola sapidus Asa LC VU 20 138.2
Galemys pyrenaicus Gpy VU EN 10 40.7
Microtus cabrerae Mca VU VU 10 7.5
Oryctolagus cuniculus Ocu NT VU 65 1081.7
Mustela erminea Mer DD VU 31 410.0
Mustela lutreola Mlu – EN 115 56.1
Capra pyrenaica Cpy CR VU 160 228.0
Felix sylvestris Fsy VU VU 200 11.3
Canis lupus Clu EN NT 200 492.6
Ursus arctos Uar – CR 200 72.5












tion,	 the	 final	persistence	associated	with	each	species	 results	 from	
summing	 the	 persistence	 scores	 among	 the	 selected	 independent	
CCCs.	Thus,	optimal	solutions	correspond	to	sets	of	corridors	where	
the	 suitability	 for	 and	 dispersal	 of	 species	 are	 as	 large	 as	 possible.	
Given	the	discrepancies	in	species	prevalence	(i.e.,	number	of	records)	
in	 the	 bioclimatic	 niche	modeling,	 the	 range	 of	 possible	 occurrence	
probabilities	might	differ	between	species	(see	Appendix	S1,	Table	S1),	





et	al.,	2016).	After	 several	 testing	 runs,	we	 identified	a	 set	of	2,000	
corridors	for	each	species	for	selection	(see	Appendix	S1,	Figures	S5	
and	S6).
2.3 | Spatial conflicts with socioeconomic activities





rylines	with	 the	A1FI	 and	B1	 climate	 scenarios,	 respectively.	 These	


























(see	Appendix	S1,	Equation	S2).	 For	each	 species,	we	 recorded	 the	
persistence	achieved	in	the	CCCs	selected	in	the	MS	plans	(Figure	1).	
For	each	species,	the	effect	of	using	a	MS-	plan	instead	of	a	dedicated	




We	 conducted	 linear	mixed	model	 analyses	 to	 estimate	 the	 ef-
fect	sizes	of	planning	design,	climate,	dispersal,	and	conflict	type	on	
the	persistence	of	each	species	in	the	CCCs,	using	the	400	assessed	





persistence	 estimates	 of	 the	 remaining	 covariates	 are	 set	 to	 their	
mean	 values)	 and	 the	 range	 of	 persistence	 estimates,	PeffΔ
F
,	 among	









We	 found	 that	 the	 persistence	 scores	 of	 species	 in	 the	 selected	
CCCs	were	especially	sensitive	to	variations	in	the	available	budget,	
especially	 at	 their	 lowest	 values	 (first	 quartile:	 R2m ≪ R2c,	 i.e.,	 the	








(at	 the	1st	 budget	quartile)	 and	 climate	 (at	 the	3rd	 and	4th	budget	
quartiles)	 also	 influenced	 significantly	 conservation	 effectiveness	
(Gpy, Asa,	and	Ocu)	(see	Appendix	S2,	Figure	S10;	Appendix	S3,	Table	
S4).








resented	by	 all	 the	 analyzed	 socioeconomic	 activities	 (total	 conflict)	
and	the	largest	scores	related	to	the	uniform	layer.	Among	all	species,	
the	additive	effect	of	dispersal	over	persistence	was	almost	negligible.
The	 effectiveness	 of	 the	 MS	 planning	 designs	 (compared	 with	
the	 corresponding	SS	plans)	was	 largely	 related	 to	budget	 size	 (i.e.,	
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covered	area).	Species	persistence	in	the	least	conflicting	(i.e.,	cheap-
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urb:	urban	areas	and	total	conflict).	Analyses	were	performed	for	all	the	tested	budget	sizes.	Gpy: Galemys pyrenaicus; Mer: Mustela erminea; Mlu: 
Mustela lutreola; Ocu: Oryctolagus cuniculus; Asa: Arvicola sapidus; Mca: Microtus cabrerae; Clu: Canis lupus; Uar: Ursus arctos; Fsy: Felis sylvestris; 
Cpy: Capra pyrenaica
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were	 especially	 ineffective	 for	 Cpy,	 which	 achieved	 persistence	 in	
CCCs	 representing	10%	of	 the	persistence	 targets	 (averaged	across	
the	tested	conflict	levels)	(see	Appendix	S2,	Figures	S11	and	S13).	In	
contrast,	the	persistence	of	Asa	and	Ocu	in	the	CCCs	identified	in	the	
MS	plans	was	 highly	 satisfactory	with	very	 low	 shortfalls	 across	 all	
conflict	levels.
Plotting	dispersal	effects	against	both	planning	design	and	climate	









Geographically,	 the	area	accumulated	by	 the	SS	 solutions	 for	 all	
the	tested	budgets	was	approximately	triple	the	area	identified	among	
all	 the	MS	solutions	 (Figure	5).	For	both	planning	designs,	 the	prior-





Decision	 makers	 are	 rarely	 provided	 with	 transparent	 and	 well-	
supported	 arguments	 to	 justify	 conservation	 investments.	 Our	 ap-
proach	provides	 information	that	can	be	used	to	generate	a	plan	to	
assist	governments	and	organizations	to	direct	funds	toward	the	most	
effective	 actions	 for	 species	 conservation	 under	 changing	 climates	












climate	scenarios	(A1FI,	B1,	NC:	nonchange)	and	planning	designs	(SS:	single	species;	MS:	multiple	species).	Gpy: Galemys pyrenaicus; Mer: 
Mustela erminea; Mlu: Mustela lutreola; Ocu: Oryctolagus cuniculus; Asa: Arvicola sapidus; Mca: Microtus cabrerae; Clu: Canis lupus; Uar: Ursus arctos; 
Fsy: Felis sylvestris; Cpy: Capra pyrenaica





extra	 budgets,	 planners	might	weight	 species	 accordingly	when	un-










cases,	 the	species	with	 the	most	unique	distributional	patterns	 (and	
that	maintain	such	uniqueness	through	time)	are	likely	to	be	the	most	
negatively	impacted	when	grouped	into	a	MS	conservation	plan	(e.g.,	
blue	 areas	 in	 Figure	4).	When	 the	 ranges	 of	 these	 “unique	 species”	
overlap	with	areas	where	conflicts	with	socioeconomic	activities	are	
(and/or	predicted	to	be)	large,	these	effects	may	still	be	exacerbated.
We	 also	 found	 climate	 to	 be	 an	 important	 factor	 limiting	 con-
servation	 effectiveness.	 For	 one	 species	 (Uar,	 in	 Figure	4),	 the	 sin-
gle	effect	of	climate	enabled	it	to	have	better	persistence	prospects	
when	compared	with	a	NC	environmental	scenario,	regardless	of	the	















Galemys pyrenaicus; Mer: Mustela erminea; Mlu: Mustela lutreola; Ocu: Oryctolagus cuniculus; Asa: Arvicola sapidus; Mca: Microtus cabrerae; Clu: 
Canis lupus; Uar: Ursus arctos; Fsy: Felis sylvestris; Cpy: Capra pyrenaica
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fire	regimes).	For	other	species,	 the	choice	of	planning	design	might	
constrain	the	potential	gains	from	climate	change	(e.g.,	Mer	and	Mlu 

















et	al.,	 2012;	 Urban,	 2015).	 Increasing	 conservation	 investments	
might	 still	 delay	 the	process,	 and	 in	 the	most	 critical	 cases,	 huge	






for	Gpy	and	Ocu	 (dark	 red	area	 in	Figure	4),	even	supplanting	 the	
negative	effects	of	MS	designs.	For	these	species,	only	local-	scale	
actions	 that	 artificially	make	 the	 climate	 suitable	 for	 the	 species	
(i.e.,	microrefugia)	or	range-	wide	actions	that	facilitate	the	reloca-
tion	of	species	to	climatically	suitable	areas	may	permit	species	to	
persist	 over	 the	 long-	term.	 Other	 types	 of	 interventions	 that	 do	
not	displace	species	from	their	areas	of	natural	occurrence	will	be	
ineffective	 in	 averting	 climatic	 debts,	 but	 if	 adopted,	 they	might	
delay	 them.	These	 interventions	 tend	 to	be	highly	expensive	 and	
are	therefore	likely	to	deviate	investment	from	other	species	with	
better	persistence	prospects	(Shoo	et	al.,	2013).
Compared	with	 the	other	 factors,	we	 found	 that	 the	 sole	effect	




the	 provision	 of	 stepping	 stones	 or	 biodiversity-	sensitive	 land-	use	
management,	restoration	of	critical	habitats	to	facilitate	range	shifts,	
and/or	 the	 artificial	 relocation	of	 species	 to	 favorable	 areas	outside	
their	natural	adaptive	ranges	are	actions	to	be	envisaged	(Carroll	et	al.,	
2015).
The	 costs	 of	 conservation	 interventions	 are	 deeply	 dependent	
on	 land	use	 and	market	 forces	 (Naidoo	 et	al.,	 2006).	With	 climate	
change,	greater	financial	investments	will	be	required	to	either	main-
tain	 or	 enhance	 the	 conservation	 statuses	 of	 species	 (Shaw	 et	al.,	
2012;	Wise	et	al.,	2012).	One	mean	to	maximize	cost	effectiveness	






























     |  3465ALAGADOR AnD CERDEIRA
value	for	conservation	may	be	directed	toward	other	areas	predicted	





2006).	 These	 decisions	 should	 be	 judged	 after	 considering	 other	





species	 persistence	 was	 evaluated	 based	 on	 the	 predicted	 oc-
currences	 and	dispersal	 success	of	 species	 at	 a	 broad	 resolution	
(see	 Equation	1).	 However,	 planners	with	 detailed	 knowledge	 of	
the	 (meta)	 population	dynamics	of	 their	 focal	 species	 (e.g.,	 colo-
nization,	 establishment,	 extinction,	 and	 expansion	 rates)	 and/or	
data	on	threats	that	are	likely	to	cooccur	and	interact	with	climate	
change	 (e.g.,	 invasive	 species,	 infectious	 outbreaks,	 and	 altered	
fire	regimes)	enable	more	precise	persistence	assessments	for	the	
species	 in	CCCs	 to	be	made.	Second,	we	assumed	dispersal	 suc-
cess	dependent	on	geographic	distance	rather	than	functional	dis-
tance.	Again,	planners	may	decide	to	estimate	this	process	using	
a	mechanistic	 approach	 that	 links	 dispersal	 success	with	 habitat	
type	 or	 land	 use	 (Ramiadantsoa,	 Ovaskainen,	 Rybicki,	 &	 Hanski,	
2015).	A	detailed,	spatially	explicit	evaluation	of	dispersal	is	chal-
lenging	 in	 terms	 of	 both	 empirical	 data	 collection	 and	modeling	














et	al.,	 2013).	 Currently,	 we	 are	working	 on	 the	 development	 of	
a	 free-	accessible,	 stand-	alone	 software	 capable	 to	 solve	 the	
here	 introduced	models	using	 sizable	datasets	 (see	Appendix	S4	
for	 a	very	preliminary	version)	 and	 therefore	 to	provide	 support	




of	 distinct	 factors	 on	 the	 persistence	 of	 species	 within	 optimized	
conservation	 plans.	 We	 demonstrate	 that	 the	 impacts	 of	 climate	
change	in	conjunction	with	conservation	underfunding,	either	through	
low-	budget	SS	plans,	constrained	MS	plans,	or	costly	socioeconomic	
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